Résumé. -Nous avons mesuré la largeur de raie de la résonance de spin des électrons de conduction du cuivre en fonction de la concentration des impuretés suivantes : Li, Zn, Ga, Ge, As, Ni et dependence of the transmission conduction electron spin resonance linewidth of copper doped with Li, Zn, Ga, Ge, As, Ni, and Ti. In each case, we find a linear concentration dependence which allows us to determine a spin-flip cross-section, 03C3sf, for each impurity. These crosssections, together with those deduced from linewidth data previously published for other impurities (both magnetic and not), form a useful body of results and allow one to test spin-flip scattering models. We find an overall agreement of our values for 03C3sf for transition metal impurities with estimates based on the Friedel virtual bound state model, including a spin-orbit interaction. For specific impurities (Zn, Ga, Ge, and As) we find that 03C3sf is determined by the charge contrast between the impurity and the copper host as was noted earlier from similar studies based on Li and Na by Asik, Ball, and Slichter. A particular situation is present with Li as an impurity in copper, interpreted as a « spin-orbit hole », which, together with the other results, confirm that the spin-orbit difference between the impurity and the host is the relevant spin-orbit parameter for 03C3sf.
1. Introduction. -Soon after the discovery of conduction electron spin resonance (CESR) in metals [ 1 ] , Elliott [2] proposed that the dominant relaxation mechanism was due to the spin-orbit interaction with impurities. A detailed consideration of this mechanism was presented by Yafet [3] . Feher and Kip [4] provided the first experimental evidence for this impurity effect by showing that the linewidth in Li at room temperature was reduced by successive distillation (via evaporation) and by the temperature dependence of the linewidth in Na.
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The first systematic study of the temperature independent electron spin scattering in metals was performed by Asik, et al. [5] who dissolved nonmagnetic non-transition metal impurities in Li and Na.
From the linear increase in CESR linewidth with impurity concentration they were able to deduce a value for the spin-flip cross-section Usf in a good agreement with theoretical estimates based on the atomic spin-orbit interaction. A similar type of experimental work and analysis has been reported by Huisjen, et al. [6] who imbedded transition metal impurities in Ail There have been several determinations of spin-flip cross-sections of non-magnetic impurities deduced via the linear rate of increase of relaxation of a dilute magnetic alloy in the bottleneck regime as a function of the non-magnetic impurity concentration. These determinations are, in general, in good agreement with the direct method (when both can be used) but offers the advantage of being potentially operative for metals whose spin resonance is unobservable, provided that the magnetic impurities added (Mn, Cr, Gd, Eu) produce a reasonably narrow bottlenecked resonance. This method enables one to readily determine the spin-flip cross-section of the magnetic impurity itself (via a spin non-conserving potential, i.e., excluding exchange). We have assembled in table I a selection of references [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Our present work, which is similar in principle to that of references [5] and [6] , consists of studying the broadening of the copper CESR as a function of adding Li, Zn, Ga, Ge, As, Ti, and Ni. This work was initially motivated by two considerations :
(1) The situation studied by both [24] . It is thus of interest to have some confidence in the ability to estimate the spin-flip cross-sections for diverse impurity situations (i.e., [15] and by the detailed study of CuFe [10] . (f) Resistivity cross-section from exp. (1) .
(~ We take the spin-orbit value for Cu : Å3d : 2.1 I x 10-2 eV, reference [3] . 0 Spin-flip cross-section from equation (2) . The accuracy is that with which DH/dc is determined.
(~ Theoretical model, equation (11), simplified from reference [36] . Ad (f) Resistivity increment in Cu (experimental) per at. % impurity.
(j Resistivity cross-section from equation (1). (*) Reference [7] . (**) Reference [10] . (***) Reference [13] .
The difference in linewidth between a given alloy sample and the pure host is attributed to the increased spin relaxation due to the added impurity. In [5] , Ferrell and Prange [34] , and Yafet [35, 36] A special case must be made when the impurity is magnetic, just as the evaluation of the resistivity [38] . At first one may be tempted to treat the spin-flip scattering on a local moment the same way as for the resistivity and write that the spin-flip crosssection is the sum of the cross-section on d T and d I electrons forming the virtual bound state [38] : which leads immediately to :
which seems a straightforward extension of (3) This simple approach has been shown to be incorrect by Yafet [36] , as it does not take into account the fact that in the magnetic case the spin-orbit interaction acts on states which are already separated by the Coulomb repulsion and exchange. His complete expression [36] is, however, difficult to handle as it introduces three different spin-orbit enhancement factors. We remark that, as these factors will always appear in a ratio with the state width Ad, which itself is not well known, it is possible to assume that these factors are identical and retain as a single parameter the quantity (/Ld/Jd)' With this drastic simplification, we write Yafet's expression [36] as :
with the same notation as defined by equation (9) and equation (10) . It is apparent that equation (11) cannot be put into a separate sum of T and I crosssections, but does reduce to the simple form of equation (3) if q T = r~~. We have evaluated equation (11) and also equation (8), (although incorrect in principle), in table IV. These values appear in figure 3 as a continuous line for equation (11) and a dotted line for equation (8) . The main difference between these two occurs whenever one of the phase shifts is zero. Fig. 3 (8) and (11) , the results shown in figure 3 seem to indicate that equation (8) of Ad by a factor of 2 for these 3 elements would result in very satisfactory agreement of the data with equation (11) . The major discrepancy occurs for Co : it should be stressed that the data of references [7] and [17] are very tentative, that is why they are only present on figure 3 within parenthesis and no error bars. In the case of Fe the careful analysis of Ritter and Silsbee [10] lead to a spin-flip cross-section notably lower than that roughly indicated by references [7] and [17] . More [5] . The sources of the data are presented in table I. the series Zn, Ge, and As, already discussed, and the series Li, Mg, Al, Si. It is most remarkable that these elements with negligible spin-orbit (compared to Cu) give a larger spin-flip cross-section than the Zn, Ga, Ge, As series. From this fact, it is clearly apparent that it is the spin-orbit difference between the impurity and the host that is the relevant parameter for 6S [40] . 5 . Conclusions. - We have presented an experimental determination of the spin-flip cross-section for non-magnetic and magnetic impurities in copper obtained from the direct measurement of the rate of increase of the conduction electron spin resonance linewidth with concentrations of these impurities. We have used a simple set of expressions derived from a virtual bound state model to estimate the spin-flip cross-sections of transition 3d impurities. For nontransition (s-p) impurities, we estimate the spin-flip cross-section following the perturbation approach of Asik, et al. [5] . Although many of these individual estimates might certainly be refined, we note that the general variation of the experimental spin-flip crosssection, which cover nearly three orders of magnitude, are satisfactorily accounted for by our elementary analysis.
